Variable number tandem repeats (VNTRs) constitute a relatively under-examined class of genomic variants in the context of complex disease because of their sequence complexity and the challenges in assaying them. Recent large-scale genome-wide copy number variant mapping and association efforts have highlighted the need for improved methodology for association studies using these complex polymorphisms. Here we describe the in-depth investigation of a complex region on chromosome 8p21.2 encompassing the dedicator of cytokinesis 5 (DOCK5) gene. The region includes two VNTRs of complex sequence composition which flank a common 3975 bp deletion, all three of which were genotyped by polymerase chain reaction and fragment analysis in a total of 2744 subjects. We have developed a novel VNTR association method named VNTRtest, suitable for association analysis of multi-allelic loci with binary and quantitative outcomes, and have used this approach to show significant association of the DOCK5 VNTRs with childhood and adult severe obesity (P empirical 5 8.9 3 10 28 and P 5 3.1 3 10 23 , respectively) which we estimate explains ∼0.8% of the phenotypic variance. We also identified an independent association between the 3975 base pair (bp) deletion and obesity, explaining a further 0.46% of the variance (P combined 5 1.6 3 10
INTRODUCTION
The contribution of copy number variants (CNVs) to complex disease susceptibility has been the subject of much debate in recent years. Although rare CNVs are responsible for severe highly penetrant forms of obesity (1, 2) and other complex conditions (3, 4) , the impact of common CNVs is unclear. Associations between common CNVs and disease have been reported (5 -8) , but a recent large-scale array-based study from Craddock et al. (9) revealed little evidence of association between a subset of common CNVs and eight common diseases. Although it has been suggested that complex multiallelic loci such as VNTRs are among the most likely structural variants to be enriched for functional impact (9,10), Craddock et al. (9) acknowledged the refractory nature of these more complex genomic structural variants in their analyses, highlighting in particular the challenge faced in investigating VNTRs. The involvement of VNTRs in complex disease has been previously evidenced by the association of a VNTR in the 5 ′ region of the insulin (INS) gene with type-1 diabetes (11), but little is known of their wider contribution to obesity. There is, therefore, a need for the development of novel methodology to analyse these relatively under-studied regions in the context of complex disease association.
We have developed a novel approach for the analysis of VNTRs, and have applied this method to identify a novel association of two VNTRs on chromosome 8p21.2 within the DOCK5 region with severe common obesity.
RESULTS
We first used signal intensity data from Illumina SNP arrays in a childhood obesity case -control study (12, 13) consisting of 646 cases and 589 controls from France to carry out genomewide CNV prediction using three different copy number prediction algorithms: CNVPartition (14) , PennCNV (15) and cnvHap (16) . All three algorithms identified the presence of a copy number variable region (CNVR) on chromosome 8p21.2 encompassing multiple intensity-only probes.
Initial association analysis of cnvHap copy number predictions identified two independent clusters of probes in this region showing association with obesity in the childhood obesity case -control study (Supplementary Material, Table S1 ). The most significant association in the region was observed at cnv12003p2 [b (SE) ¼ 1.03 (0.09); P ¼ 4. 29 × 10 233 ], which was ranked 22nd most significant among the 27 942 included in this analysis. The copy number -obesity associations at each of the two clusters of probes in this region were subsequently reproduced in silico in an independent adult obesity case -control cohort (13, 17, 18) , also from France, for which Illumina SNP genotyping data were available for 709 cases and 197 controls.
In the adult sample, the most significant association in this region was again detected at the same probe cnv12003p2 [b (SE) ¼ 1.98 (0.23); P ¼ 1.88 × 10 218 ] that had shown the strongest signal of association in the child obesity sample (Supplementary Materials, Table S1 ).
The initial association results from the child and adult obesity case-control studies carried out using CNV predictions from Illumina SNP array data were then combined by meta-analysis using METAL, with genomic control inflation correction (19) . In this combined association analysis, the highest ranking probe in the DOCK5 region (cnv12003p2) was the 32nd most significant of 27 942 probes tested in our association analysis (Supplementary Material, Fig. S1 ; P ¼ 5.41 × 10
25
), and all 9 intensity-only probes within the region were ranked within the top 1.1% of associations in this analysis (Supplementary Material, Fig. S1 and Table S2 ).
These probes were located within two distinct hypervariable regions, referred to here as VNTR A (chr8: 25 085 372 -25 085 875) and VNTR B (chr8: 25 129 579 -25 130 501) (Fig. 1A) . The two VNTRs flank a simple, common, previously identified 3975 bp deletion (20) Fig. S2 ). Despite the high frequency of the deletion, it is indeed the mutant allele, as syntenic alignments from ENSEMBL indicate that orthologous sequence exists in all eutherian mammals (21) . VNTR A lies 12 kb upstream of the dedicator of cytokinesis 5 (DOCK5) gene, whereas both VNTR B and the common deletion are located within the first intron of DOCK5. In our cnvHap analysis using the Illumina SNP array data for the child and adult obesity casecontrol studies, DOCK5 was the only gene region containing two separate structurally variable regions associated with obesity; probes within both of which were ranked within the top 1% of associations. Association signals at both VNTRs were replicated between the child and adult obesity case-control studies, and the presence of a known deletion between these two hypervariable regions suggested this locus to be highly complex. As a result, the region was prioritized for further in-depth investigation.
Direct sequencing of the VNTRs revealed a complex internal structure (Supplementary Material, Fig. S3 ). Each VNTR was shown to be highly polymorphic, varying in both size and sequence composition, with alleles of the same size also showing variability in repeat block composition (Supplementary Material, Fig. S3 ). Figure 1B and D provide summarized illustrations of signal intensity in obesity cases and controls at these two VNTRs.
Since we considered that the repetitive multi-allelic nature of the sequence at both VNTR loci, along with the challenges presented by batch effects on intensity-only probes, might have rendered in silico copy number estimation unreliable, we sought to confirm the putative association of the DOCK5 region with obesity using alternative methods. Local single nucleotide polymorphism (SNP) association analysis in the DOCK5 region in the pooled French childhood and adult obesity data sets showed the SNP rs6997760 (chr8: 25 101 829) to be significantly associated with obesity [odds ratio (OR) ¼ 0.57; P ¼ 5.68 × 10
24
; P corrected ¼ 0.025]. We also examined publicly available data from a meta-analysis conducted on 249 796 subjects for evidence of SNP association with body mass index (BMI) in the DOCK5 region (22) . Although these results did not show any significant association of the SNP rs6997760 with BMI (P . 0.05), it is not uncommon for associated variants identified in study samples consisting of early-onset and/or extreme obesity cases not to show association with BMI in population samples (22) .
In order to identify the source of the association signals, we directly genotyped the 3975 bp deletion and both flanking VNTRs in a larger subset of the French child and adult obesity samples, consisting of 706 child obesity cases and 644 child controls, as well as 714 adult obesity cases and 680 controls. Genotyping of the deletion was carried out using a direct polymerase chain reaction (PCR)-based assay Associations between the 3,975 bp deletion and obesity were assessed under a recessive model in the child and adult obesity case-control samples. Multivariate models were trained in the child obesity case-control study and replicated in the adult obesity study. Models were built for VNTR A and subsequently VNTR B. Effect sizes and standard errors, as well as replication (adult) P-values were calculated using a logistic regression model. The VNTRA + VNTRB model significance is calculated using a likelihood ratio test between a model that includes all variables and a model including only the 3975 bp deletion and gender. The model significance presented for the child training data set is the empirical P-value (10 000 permutations).
a Note that the allele frequency presented in this table for the 3975 bp deletion in DOCK5 is that of the rarer undeleted allele at this locus.
( ]. PCR followed by fragment analysis of fluorescent PCR fragments for each of the VNTR loci produced a quasicontinuous distribution of PCR fragment sizes ranging from 502 to 770 bp in VNTR A and 631 to 1202 bp in VNTR B. Comparison of sequence lengths obtained from PCR fragment analysis by capillary electrophoresis and those obtained from Sanger sequencing for VNTR B revealed that fragment analysis provided total length estimates 3 bp shorter than those determined using sequence data. As this was consistent across the samples examined, it did not affect between-sample comparisons. Once this was taken into account, sample size estimates derived from sequencing and PCR fragment analysis were perfectly correlated.
We first used the software CLUMP (23) to carry out association analyses at the DOCK5 VNTR A and VNTR B loci using our fragment analysis data in the child and adult obesity samples. However, although significant association with obesity was clearly detected for both VNTRs, a subset of susceptibility alleles shared between the two study samples could not be identified using a binning method that operated independently of allele size during clustering (such as the one implemented in CLUMP, Supplementary Material, Table S3 ). Therefore, we implemented a novel algorithm called VNTRtest, which only considers bins comprising contiguous fragment lengths. VNTRtest calculates the significance of each possible contiguous bin (defined by a lower and upper fragment length bound) by regressing the phenotype on the number of instances of the alleles within the bin. In order to identify all independent signals of association in the data, VNTRtest iterates this procedure and subtracts the component of disease log-odds that can be attributed to previously selected VNTR bins at each iteration, including also relevant covariates and/or risk factors (such as the 3975 bp deletion in this specific study). At each stage, the P-value of the selected bin as well as the P-value of the full model up to that point is recorded, and the iteration terminates when the P-value is .0.05. To correct for testing multiple hypotheses, VNTRtest repeats this procedure on 10 000 data sets in which phenotype and covariates are permuted to infer a parametric form of the null distribution from which it calculates approximate empirical P-values (see Materials and Methods for further details).
We first tested the performance of VNTRtest by carrying out simulations using the empirical distribution of VNTRs observed in this study. In simulations conducted under the null hypothesis, VNTRtest showed a type-I error of 0.051. Under an alternative hypothesis of one associated VNTR bin, simulations showed that VNTRtest had .80% power to detect a single associated VNTR bin with simulated odds ratio of ,0.5 or . Table S4 ). Under the alternative hypothesis of three associated VNTR bins, VNTRtest had a power of .80% to detect all three bins when two were in the same direction and fixed, provided the third bin had OR , 0.7 or OR .1.4 (Supplementary Material, Fig. S7d and Table S4 ). Finally, in the case of four associated VNTR bins, VNTRtest showed .80% power to detect all four associated bins when three were fixed and followed the same direction, regardless of the effect size of the fourth (Supplementary Material, Fig. S7e and Table S4 ). These results demonstrated the increased power obtained from having multiple associated allele bins.
We then applied VNTRtest to the DOCK5 VNTR data from the child and adult obesity cases and controls. Application of VNTRtest to the childhood cohort resulted in the selection of a multivariate model which included a VNTR A bin of 590 -640 bp and VNTR B bins of sizes 944 -1022, 1112 -1127, 1073-1084 and 1099 -1103 bp, respectively (Table 1 and Figs 2 and 3). This model was significantly associated with obesity after permutation in the childhood cohort used for training (P empirical ¼ 8.9 × 10 28 ), and association of this model with obesity was replicated in the adult obesity cohort (P ¼ 3.1 ×1 0 23 ). Figure 2 shows the significance levels of all possible VNTR bins during the first iteration of VNTRtest, highlighting the reproducibility of VNTR A bin associations between the two cohorts.
We calculated the proportion of heritability of obesity explained by the three variants at the DOCK5 locus using a multi-factorial liability threshold model (24) . The model assumes an underlying continuous liability to a disease determined by the sum of genetics and environmental liabilities and the disease occurs when an individual's total liability exceeds a certain threshold. Genotypic configurations at a susceptibility locus show different mean liabilities. Based on a lifetime risk of obesity of 16.85% (25) , the DOCK5 VNTRs and 3975 bp deletion explain a total of 1.24% of the variance in liability to obesity (0.42, 0.36 and 0.46% for VNTR A, VNTR B and the 3975 bp deletion, respectively).
A widely recognized challenge encountered in association studies is the tendency to overestimate the effect size of an identified variant, known as the 'winner's curse' (26) . A 1000-fold 80%-training-to-20%-testing cross-validation analysis (Supplementary Material, Table S6 ) on the child obesity cohort demonstrated that although the VNTR B bins show limited inflation (up to 20%), the VNTR A 590 -640 bin shows 140% inflation in children. Nevertheless, we still see a stronger effect size in adults for this particular bin. Further studies will be required to provide additional confirmation of the effect sizes of all three variants at the DOCK5 locus investigated in this study.
We next investigated the population history of the 3975 bp deletion. The sequence comprising the deletion is shared with other eutherian but not metatherian mammals or nonmammalian vertebrates, although the DOCK5 gene itself is shared within Euteleostomi (21) and is thus older (Supplementary Material, Figs S10 and S11). CNV genotypes for the deletion [CNVR3831.1 in Conrad et al. (10) ] were available for 450 Hapmap samples (10) . Allele frequencies for the deletion in the European, Han Chinese + Japanese and Yoruban African population samples are shown in Supplementary Material, Figure S8 . SNP frequencies for rs6997760, which we found to be in moderate LD with the deletion, are presented in Supplementary Material, Figure S9 . We observed a large population differentiation in the 3975 bp deletion allele as well as the SNP rs6997760, with the deletion showing an 60% increase in frequency between the Yoruban African and the European population samples (Supplementary Material, Fig. S8 and 9 ), indicating that this deletion has been under on-going positive selection in the migration out of Africa.
We then sought to assess functional effects of variation at the DOCK5 VNTRs in an independent Swedish sib-pair cohort discordant for BMI (27) , for which SNP genotyping data and gene expression data from subcutaneous adipose tissue were available for 149 families (28) . Structural variation at both DOCK5 VNTRs was modelled indirectly using the total signal intensity (LRR, log R ratio) at intensity-only probes located within VNTRs A and B, and the association of signal intensity at these probes with DOCK5 transcript levels was assessed using the famCNV (29) program. Copy number at DOCK5 VNTRs A and B was significantly associated with DOCK5 transcript levels (minimum P empirical ¼ 0.015 at probe cnvi0018215) ( Table 2 ). We also noted that the region encompassing the 3975 bp deletion region is predicted to be transcriptionally repressive (Supplementary Material, Fig. S12 ) (30, 31) . Thus, a deletion of this region may result in an increase in transcription levels. To test this hypothesis, we genotyped the 3975 bp deletion in the Swedish discordant sib-pair cohort, for whom gene expression data were available (28) . The deletion was found to be associated with increased DOCK5 expression in this sample (b ¼ 20.46; P ¼ 0.027) (Supplementary Material, Fig. S13 ).
Finally, analysis of publicly available gene expression profiles from subcutaneous adipose tissue from overweight subjects (32) revealed significantly increased expression of DOCK5 (Supplementary Material, Fig. S14 ) following exposure to a controlled-feeding high-saturated fatty acid diet (P ¼ 3.9 × 10
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, exact permutation paired t-test; median paired fold-change ¼ 1.03), thus suggesting diet-induced variation in DOCK5 expression levels.
Taken together, these results suggest putative links between copy number variation and dietary fat intake and expression levels of DOCK5 in adipose tissue that may lead to the subsequent development of obesity.
DISCUSSION
Association analyses between VNTR loci and complex phenotypes are greatly complicated by the large number of different alleles that may be found at such loci, varying in both size and sequence composition. By applying our novel VNTR allele bin refinement method implemented in VNTRtest, we have shown that specific VNTR alleles at DOCK5 are significantly associated with childhood and adult obesity. VNTRtest models the association between complex multi-allelic VNTRs and both quantitative and binary phenotypes through the identification of bin configurations that favour clustering of allele combinations of similar size which maximize the observed association, with significance of association determined empirically. In this study, we show that VNTRtest outperforms size-independent binning of alleles by identifying associations replicating between the two data sets. The program allows the inclusion of covariates and confounders in association analyses, and the generation of multivariate models encompassing multiple CNVs in regions under study, which is particularly useful in the case of CNVRs containing multiple multi-allelic markers, as in the DOCK5 region.
These data support the association of VNTR variants at the DOCK5 locus with adult and childhood obesity. We also showed that structural variation at the DOCK5 VNTRs and deletion of a 3975 bp region within intron 1 -2 of DOCK5 were independently associated with increased expression levels of the gene transcript. In addition, analysis of publicly available expression data indicated that DOCK5 expression levels are increased relative to baseline in individuals exposed to a diet high in saturated fatty acids. Taken together with previously reported associations between high saturated fatty acid diets and fat accumulation (33, 34) , we hypothesize that increased expression of DOCK5, mediated either through copy number changes resulting in increased expression, or through environmentally induced increases in expression levels, may result in an increased risk of obesity.
Relatively little is known about the DOCK5 gene, which is a member of the DOCK family of guanine-nucleotide exchange factors that activate Rho-family GTPases by exchanging bound GDP for free guanosine triphosphate (GTP) (35) . Phylogenetic reconstruction shows that DOCK5 has arisen from two duplication events in Euteleostomi (Supplementary Material, Fig. S11 ), also giving rise to its closest paralogues DOCK1 and DOCK2 (21). DOCK5 is expressed in multiple tissues, including adipose tissue, brain and pancreas (36) , and interacts with the regulatory and catalytic subunits of protein phosphatase 2, encoded by PPP2R1A, PPP2R1B and PPP2CA, respectively (37). Protein phosphatase 2 has been shown to inactivate v-akt murine thymoma viral oncogene homolog (Akt) proteins (38, 39) as well as mitogen-activated protein kinase 1 and 3 (MAPK1 and 3, also known as ERK2 and ERK1, respectively) (40) . The well-established involvement of Akt and MAPK in body weight regulation in humans, with both pathways having been shown to mediate the anorectic effects of leptin, provides a possible potential Figure 3 . Log odds ratios of variants significantly associated with obesity in both the child and adult obesity samples. For the 3975 bp DOCK5 deletion, the log odds of disease risk for homozygote undeleted relative to homozygote deleted is shown. For VNTR bins, the log odds of disease risk for heterozygote relative to homozygote is shown. mechanistic basis for the involvement of DOCK5 in obesity (41, 42) . Interestingly, DOCK5 has recently been identified as a regulator of osteoclast function, playing an essential role in bone resorption (43) (44) (45) . Taken together with the association of complex CNVRs within the DOCK5 region with obesity presented here, these findings suggest that DOCK5 may play an important role in the well-established relationship between adiposity and bone density (46) . In the present study, we suggest that multiple allele size classes within DOCK5 VNTRs, as well as an intervening common 3975 bp deletion, are significantly associated with obesity in childhood and adult case -control cohorts, and that they explain .1% of the variance in liability. We also propose a novel powerful approach to carry out association studies using these complex structural polymorphisms, thus enabling more systematic investigation of the role of VNTRs in complex diseases and the relatively unexplored contribution of these loci to the 'missing heritability' (47) of these disorders.
MATERIALS AND METHODS

Study subjects
Informed consent and ethical approval were obtained for all subjects included in this study.
Childhood obesity cohort A previously described childhood obesity case-control sample set from France consisting of 706 cases and 644 controls was used for this study (13) . Child obesity cases were below the age of 18 with BMI z-score ≥97th percentile for their age and gender, with a minimum of one obese firstdegree relative. Controls included in this study were selected from the STANISLAS cohort (12) . Selected controls had age-and sex-corrected BMI z-score ,90th percentile, and were all below 18 years of age (13) .
Adult obesity cohort
The adult obesity study consisted of a case -control sample from France comprising 714 cases with BMI ≥ 40 kg/m 2 and 680 normal-weight controls, described in a previous study (13) . Informed consent from all participants and ethical approval were obtained as detailed previously (12, 48) .
Swedish sib-pair cohort
For expression analysis of DOCK5 transcripts, data were taken from a Swedish discordant sibling cohort, consisting of 154 nuclear families with BMI discordant sibling pairs (BMI difference .10 kg/m 2 ), giving a total of 732 subjects (27) . Average family size was 4.75. Expression data were available for 342 subjects and Illumina SNP genotyping data for 349 subjects.
In silico CNV prediction
Data quality control
Childhood and adult obesity case -control cohorts were genotyped on the Illumina Human CNV370-Duo chip as previously described (13) . Illumina genotyping data were available for 646 childhood obesity cases and 589 child controls, 709 adult obesity cases and 197 adult controls. Illumina genotyping data were also available for 349 siblings from the Swedish sib-pair cohort, who were genotyped on the Illumina Human610-Quad chip.
Illumina raw data were uploaded into Beadstudio 2.0 (Illumina) and SNP genotype re-clustering carried out for each of the cohorts, using the Beadstudio re-clustering algorithm (Illumina). Samples with a call rate ,0.95 were excluded from further analyses.
Sample genotype calls, LRR and B-allele frequency (BAF) were exported for CNV analysis.
Data normalization
For each sample, LRR median subtraction was carried out on a per-chromosome basis. In order to correct for additional known sources of CNV discovery artefacts, LRR data were corrected using a probe-by-probe regression on GC content, as well as a localized Loess function within a 500 kb window to correct for wave effects.
CNV prediction LRR and B allele frequency were used for the prediction of copy number state in the child and adult obesity casecontrol cohorts, using cnvHap (16) , which employs a hidden Markov model to predict CNVs at the haplotype level, integrating joint CNV and SNP haplotype structure to refine copy number predictions. Model parameters were empirically optimized for each data set.
PennCNV, an algorithm that also employs a hidden Markov model for CNV prediction, and CNV Partition, which models CNVs, using a Gaussian mixture model, were also employed for CNV prediction in these data sets (14, 15) .
Principal component analysis
Principal component analysis (PCA) was carried out independently at each of VNTR A and VNTR B using three and six intensity-only probes within each of the respective VNTRs in the DOCK5 region, using Illumina LRR data in the child and adult obesity cases and controls. PCA was carried out using the svd function in R version 2.11 (49) .
Custom array CGH
Custom-designed Agilent 8 × 15 k arrays were used to validate CNVs predicted from obesity genome-wide association study (GWAS) data (unpublished data). Array CGH was carried out on 9 childhood obesity cases, 10 adult obesity cases and 9 child controls, using the manufacturer's recommended protocol (Agilent Technologies).
DNA sequencing
Purification of PCR products was carried out using the Cambio Ultra-Clean PCR Clean-Up Kit following the manufacturer's recommended conditions. Purified products were sequenced in both forward and reverse directions on an ABI3730xl DNA analyser (Applied Biosystems) (primer sequences are available upon request). Analysis of sequence data was carried out using the Chromas 2.01 software (Technelysium Pty Ltd). Human reference sequences were retrieved from the UCSC Genome Browser (hg18) (50) , and ClustalW was used for multiple alignment analysis of sample and reference sequences (51) . For the 3975 bp deletion, the upstream breakpoint was determined by aligning the reference sequence with sequences generated by the forward primer in the sequencing reaction. The downstream breakpoint was determined by aligning the reference sequence with the reverse complement of sequences generated using the reverse primer.
Genotyping of VNTRs A and B in child and adult cohorts
High-throughput PCR-based assays were designed to permit genotyping of two loci within the DOCK5 region found to encompass variable number tandem repeats (referred to as VNTRs A and B) in the French child and adult obesity case -control cohorts. VNTR A was genotyped by PCR amplification using a fluorescently labelled forward primer, followed by fragment analysis on the ABI 3730xl DNA analyser and sizing with reference to the ABI LIZ1200 size standard (Applied Biosystems). A semi-nested PCR strategy followed by fragment analysis was employed to permit genotyping of VNTR B (Supplementary Material, Fig. S5 , primer sequences and detailed reaction conditions are available upon request). Data analysis for both VNTRs was carried out using the GeneMarker software (SoftGenetics). To determine the reproducibility of the PCR and fragment analysis assay used for VNTR genotyping, 93 samples were genotyped in duplicate. Reproducibility of VNTR fragment size calling was found to be .98% for both VNTR A and VNTR B.
Genotyping of 3975 bp deletion in French child and adult obesity cohorts and the Swedish obesity-discordant sib-pair sample Further characterization of an additional CNV detected upstream of region B, established to be a 3975 bp deletion, was carried out by PCR amplification, using primers designed as shown in Supplementary Material, Figure S2 (primer sequences are available upon request). This PCR-based assay was employed to genotype the DOCK5 3975 bp CNV in the previously described child and adult obesity casecontrol cohorts from northern France and the siblings from the Swedish discordant sib-pair cohort. PCR primers were designed using the Primer 3 software (52). All PCR amplification steps were carried out using the Clontech Advantage 2 PCR kit under the manufacturer's recommended conditions.
Genotype PCA
PCA was carried out on 25 190 autosomal SNP genotypes from the Illumina GWAS data for the child and adult obesity cases and controls, using singular value decomposition in R version 2.13.2 (53) . The top principal components for the child cases and controls showed no association with obesity (P . 0.05), and therefore were not included in the association analyses. The first principal component in the adult obesity case -control study showed significant association with obesity (P ¼ 1.07 × 10 27 ), and was included as a covariate in our association analyses.
Association analyses using in silico CNV predictions CNV predictions at the 8p21.2 locus by cnvHap were tested for association with obesity using logistic regression, with gender and sample LRR variance included as covariates in association analyses. Only probes at which cnvHap predicted a CNV with a frequency .5% (27 942 probes) in both the child and adult obesity studies were included in the association analyses.
Meta-analysis of association analyses using in silico CNV predictions
Meta-analysis of the genome-wide CNV association results from the child and adult obesity Illumina array data was carried out using the software package METAL (19) , combining the effect size estimates from both studies, weighted using the inverse of the corresponding standard errors and correcting for inflation using genomic control. Only probes at which cnvHap predicted a CNV with a frequency .5% (27 942 probes) were included in the association analyses.
SNP association analyses in the DOCK5 region
After quality control, a total of 44 SNPs within the DOCK5 gene and the surrounding 5 ′ and 3 ′ intergenic regions, extending to the nearest genes upstream and downstream, were tested for association in the pooled French childhood and adult obesity data sets using logistic regression under a recessive model.
VNTR association analysis using the VNTRtest algorithm
We developed a novel algorithm for the assessment of the association of VNTR fragment-length genotypes (G) with a phenotype (D), called VNTRtest.
VNTRtest is an iterative, greedy forward selection algorithm. Let k denote the iteration. We define the set of variables selected up to iteration k as V k and initialize this set as the set of covariates: V 0 ¼ {c j }, where c j denotes the jth covariate, such as gender. At each iteration, VNTRtest looks for the VNTR bin, defined by lower and upper fragment-length bounds (l k , u k ) for which VNTR bin genotypes B k are most strongly associated with the phenotype in a regression model after regressing out the previously selected variables V k21 . We define the VNTR bin genotypes B k as the count of fragment-length alleles x within the range l k ≤ x , u k . We consider bins only which either (i) do not overlap with previously selected bins; (ii) are completely nested within previously selected bins; or (iii) completely contain previously selected bins.
We define an initial logistic regression model LM 0 as log(p/ (1 2 p)) V 0 and record the regression coefficients of this model as b 0 . In the iteration step, we then search for the most significant bin B k under the regression models LM 0.05. We also calculate the significance of the model up to and including variable B k (pmodel k ) as the significance of twice the log-likelihood ratio 2 × log(P(D|G, V k )/P(D|G,V 0 )) under the x 2 distribution with k degrees of freedom. In order to make this algorithm more computationally efficient, we have derived a heuristic strategy for efficiently searching the space of bin boundaries (l k , u k ) at each iteration k. First, we restrict our search to a grid consisting of all the observed fragment lengths in the data set. Second, at the beginning of our search strategy, we further restrict our set of predictors to a coarse grid of (l k , u k ) consisting of every fifth potential fragment length. The most significant coarse bin is subsequently refined by considering all possible fragment lengths in the surrounding window.
We use a permutation procedure to address the problem of multiple hypothesis testing (in this case, multiple bins). We generate 10 000 permuted data sets, in which both phenotype and initial covariates are permuted relative to the fragment-length genotypes, thus generating 10 000 sets of {pmodel k } values under the null distribution. For each value of k, we fit a parametric distribution to the 2log 10(p) values, and we use this distribution to estimate empirical P-values.
VNTRtest first builds a model for VNTR A which is subsequently expanded to include VNTR B. VNTRtest builds a model using one cohort at a time, which is then assessed on the remaining cohort. The algorithm for assessing significance is the same as above, except that we use pre-defined B k , and as such there is no requirement for a permutation procedure to correct for multiple hypothesis testing.
A prototype of our algorithm VNTRtest is available at: http:// www1.imperial.ac.uk/medicine/people/l.coin/.
VNTRtest simulations
We generated 1000 simulated data sets under the null hypothesis of no association, in order to assess the type-I error. Each simulation consisted of generating fragment-length genotypes for X ¼ 646 cases and Y ¼ 589 controls, the same sample size and case:control ratio as the child study. For each simulation, we simulated fragment-length genotypes assuming HardyWeinberg equilibrium and using the per base-pair fragment-length allele frequency distribution observed at the VNTR B locus in the child study. We simulated 2000 samples, which is more than the total number of the original samples in order to be able to subsample at least X cases and Y controls.
For simulations under the null hypothesis of no association, we randomly chose X cases and Y controls, irrespective of genotype. The type-I error was calculated as the fraction of data sets simulated under the null for which the VNTRtest-reported permutation model P-value was ,0.05. We also simulated various scenarios under the alternative hypothesis, where we varied both the number and the effect size of the simulated, associated VNTRs. For each simulation under the alternative hypothesis, we randomly selected one, two, three or four bins which were causative, which did not overlap and which each showed an allele frequency .5%. This was achieved by randomly selecting a lower bound for the bin, and then incrementing the upper bound for the bin until the allele frequency was at least 5%, followed by confirmation that the bin did not overlap a previously selected bin.
Once a set of bins was selected, we calculated the bin genotypes for bin k (see the section on VNTRtest) B k and simulated case -control status for each individual according to log(p/ (1 2 p) ) ≈ S k b k × B k . When only one associated VNTR was simulated, we varied the OR between OR ¼ 0.2 to OR ¼ 3.6 to include the values of the discovered ORs in the original study. Under the scenario of two associated VNTRs, we fixed one effect being OR ¼ 0.2 (protective) and we varied the other. We repeated with fixing one effect being OR ¼ 1.2 (predisposing). In the scenario of three VNTRs being associated, we fixed the two effects being protective and we varied the third. The same was applied for the four effects. The simulated ORs were chosen so as to resemble and include the ones detected in the original study.
The power of each scenario was calculated as the fraction of simulations for which the VNTRtest-reported permutation P-value was ,0.05.
VNTR association analysis using CLUMP
VNTR alleles at both DOCK5 VNTRs A and B were tested for association with obesity using the CLUMP T4 x 2 statistic, generated by grouping the VNTR alleles into a 2 × 2 table to maximize the x 2 value (23). The analysis was carried out using the child obesity data set for training and the adult obesity data set for replication, as well as vice versa. Empirical distributions of the T4 x 2 statistic were generated for each data set using 100 000 Monte Carlo simulations. A x 2 value for VNTR allele clusters identified by CLUMP as significantly associated with obesity (P empirical , 0.05) in the training data set (either child or adult obesity) was then calculated in the replication data set. Empirical P-values for the replication data set were then calculated as P ¼ (r + 1)/(n + 1), where r is the number of simulations where a x 2 value higher than the test x 2 value was obtained, and n is the total number of Monte Carlo simulations carried out.
Estimation of the variance in liability (V g ) explained by the DOCK5 variants
We calculated the variance explained for the 3975 bp deletion using the method described by So et al. (24) , in which we used the odds ratios and frequencies of each genotype in the adult (replication) cohort. In order to apply the same approach to the VNTR loci, we first calculated for each individual the 'extended' genotype over all associated bins as the vector consisting of the number of copies the individual had in each bin listed in order. We calculated the odds ratio (OR) and frequency of each extended genotype that was observed in at least 15 individuals in the adult cohort. These OR and frequency values were then used to evaluate the total variance explained by each VNTR using the same method. In order to check that the variance explained calculated by these methods was independent, we re-calculated V g for VNTR A, excluding those samples with the 3975 bp protective nondeletion homozygote genotype, and also for VNTR B, excluding both those samples as well as samples with the protective heterozygote 590-640 bp VNTR A genotype. In each case, the variance explained increased slightly, indicating that the original variance explained estimates were unlikely to be inflated by LD. The lifetime risk of obesity was taken to be 16.85% (25) .
RNA extraction and microarray analysis
Subcutaneous adipose tissue biopsies were obtained from all participants in the Swedish sib-pair cohort as described previously (27) . Gene expression was measured for 376 siblings, using the Affymetrix Human Genome U133 Plus 2.0 gene expression arrays (Affymetrix, Santa Clara, CA, USA) according to the manufacturer's recommendations. Gene expression levels were normalized using the robust multiarray average (RMA) method (54) . Informed written consent was obtained from all participants. This study was approved by the Ethics Committee at Gothenburg University (55) .
Association of copy number at the DOCK5 VNTRs with DOCK5 gene expression Association of copy number at the DOCK5 VNTRs with DOCK5 expression in subcutaneous adipose tissue was carried out in the Swedish sib-pair sample set using famCNV (29) . The program models LRR and BAF in a mixed linear model to control for phenotypic resemblance among family members due to polygenic effects. The association test between intensity signal at a particular probe and gene expression level is evaluated by comparing the full model where LRR is included in the fixed effects and a null model where its effect is constrained to zero. famCNV is available at: http://www1.imperial.ac.uk/medicine/people/m. falchi.
Association of copy number at the DOCK5 3975 bp with DOCK5 gene expression A linear mixed effects model, implemented in the lmekin function from the R kinship package (56) , was used to carry out association analysis between copy number at the DOCK5 3975 bp deletion and DOCK5 expression in subcutaneous adipose tissue in the Swedish sib-pair sample. Sex and age were included as covariates in this analysis.
Paired-sample analysis of dietary-fat-induced variation in DOCK5 expression levels Gene expression analysis from subcutaneous adipose tissue of moderately overweight individuals (n ¼ 20) at risk of metabolic syndrome subjected to a 2-week run-in saturated fat diet followed by a 8-week diet intervention was obtained from gene expression omnibus data set GDS3678 (32) . Individuals were assigned to two independent groups and subjected to a saturated (n ¼ 10) and mono-unsaturated (n ¼ 10) fatsupplemented diet. Gene expression after the 2-week run-in and at the end of the program was collected for both groups.
A paired comparison of the individual expression profiles before and after intervention was performed for the two groups independently. Quantile normalization was applied to all microarrays and paired samples t-test and exact permutation t-test were consequentially applied using R (49) with package exactRankTests (57) .
Genomic coordinates
Except where indicated, all genomic coordinates in this manuscript correspond to the human genome sequence build NCBI36/hg18.
